THE alternation between the diploid-sporophytic and the haploid-gametophytic generation is a crucial distinction between the life cycle of plants and animals. Whereas in mammals and insects the cell lineage giving rise to gametes differentiates during embryogenesis ([@bib2]; [@bib7]), in plants the gametogenic lineage initiates during floral development in the adult organism ([@bib55]). The onset of the female reproductive phase in most sexual flowering plants is defined by the specification of a single diploid megaspore mother cell (MMC) within the sporophytic nucellus, in the developing ovule ([@bib1]). Before gametogenesis, the MMC divides meiotically to produce four haploid megaspores. As in the majority of sexual species, in *Arabidopsis thaliana* (*Arabidopsis*) a single meiotically derived cell \[the functional megaspore (FM)\] differentiates prior to dividing mitotically and giving rise to the female gametophyte. The nucleus of the FM performs three mitotic divisions generating eight nuclei that subsequently undergo cellularization and differentiation to form accessory cells (the synergids and the antipodals), and two types of gametes: the egg cell and the central cell, which after fertilization will produce the embryo and the endosperm, respectively ([@bib42]; [@bib41]; [@bib45]; [@bib48]; [@bib8]).

Despite its prime importance for plant reproduction, the genetic basis and molecular mechanisms that control the somatic-to-reproductive transition are poorly understood. Only few mutants affecting specification of gamete precursors in the ovule have been found and characterized in different species. Mutants affecting the plant-specific MADS-box domain transcription factor *NOZZLE/SPOROCYTELESS* (*NZZ/SPL*) are defective in differentiating both microspore mother cells and MMCs ([@bib57]). Similar to *nzz/spl*, the *Arabidopsis windhouse1* (*wih1*) and *windhouse2* (*wih2*) mutants are not able to properly differentiate an MMC; instead, nucellar cells acquire a parenchyma-like identity ([@bib27]). Other mutants promote the differentiation of several MMCs. In maize, for example, the loss of function of *MULTIPLE ARCHEOSPORES 1 (MAC1)*, a gene encoding a leucine-rich repeat receptor-like kinase protein (LRR-RLK), promotes the development of numerous MMCs that can undergo meiosis ([@bib48]). A similar phenotype was found in the *multiple sporocyte 1* (*msp1*) mutant of rice, a gene encoding a LRR-RLK protein ([@bib35]). In *Arabidopsis*, the differentiation of more than one female gamete precursor was first reported in mutants affecting small RNA (sRNA) pathways. Dominant *argonaute9 (ago9)*, *suppressor of gene silencing 3 (sgs3)*, *rna-dependent rna polymerase 2 (rdr2)*, *rna-dependent rna polymerase 6 (rdr6)*, *dicer-like 3 (dcl3)* mutants, and a double mutant defective in both *RNA POLYMERASE IV* and *POLYMERASE V* genes (*nrpd1a nrpd1b)*, show multiple gametophytic precursors in the premeiotic ovule. Furthermore, some of these ectopic cells are able to develop female gametophytes that bypass meiosis, a phenotype resembling aposporous mechanisms that prevail in some plant species reproducing by apomixis ([@bib37]). More recently, a similar phenotype was reported for a dominant mutant affected in *MNEME* (*MEM*), a gene encoding an RNA helicase of the DEAD-box family ([@bib44]).

Epigenetic mechanisms involved in the development of the animal germline have also been reported ([@bib15]; [@bib29]; [@bib3]; [@bib4]; [@bib22]). For example, it is well known that differentiation of primordial germ cells encompasses extensive DNA demethylation and histone replacement ([@bib46]; [@bib25]). Similarly, recent findings demonstrated that highly active chromatin changes occur during MMC specification in *Arabidopsis*, suggesting that a reorganization of the epigenetic landscape takes place during the somatic-to-reproductive transition ([@bib47]). In plants, sRNAs are involved in epigenetic modifications through the RNA-dependent DNA methylation (RdDM) regulation pathway ([@bib32]). RdDM initiates with the transcription of chromatin-enriched loci by the plant-specific DNA-directed RNA Polymerase IV (Pol IV). Pol IV transcripts are converted into long double-stranded RNA molecules by the action of RDR2, and subsequently sliced by DCL3 into 24 nt sRNAs that are loaded by AGO proteins such as AGO4, AGO6, or AGO9. These proteins interact with nascent transcripts produced by Polymerase V (Pol V), promoting the recruitment of *de novo* DNA methyltransferases such as DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) as well as histone methyltransferases and chromatin remodelers, to ultimately cause the reinforcement of heterochromatin ([@bib24]; [@bib49]; [@bib43]; [@bib61]; [@bib64]). AGOs are a class of PAZ/PIWI domain-containing proteins that have undergone a high degree of gene duplication in plants ([@bib54]; [@bib60]). In *Arabidopsis*, a phylogenetic analysis defined three distinct clades: the AGO1/5/10, the AGO2/3/7, and the so-called AGO4 clade composed of AGO4, AGO6, AGO8, and AGO9 (Supplemental Material, [Figure S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/FigureS1.pdf); [@bib54]). To date, only AGO4, AGO6, and AGO9 are shown to bind heterochromatic small interfering RNAs (siRNAs) that mostly target repetitive genomic regions and transposable elements (TE) ([@bib66]; [@bib63], [@bib62]; [@bib10]; [@bib16]; [@bib37]; [@bib12]). By contrast, *AGO8* is generally considered to be a pseudogene, mainly because a computational analysis predicted that its presumed coding sequence contains splicing-inducing frame shifts, suggesting the formation of a nonfunctional protein ([@bib52]).

Here we report that mutations in *AGO4*, *AGO6*, or *AGO8* lead to abnormal premeiotic ovules harboring more than one female gametophytic precursor, a phenotype reminiscent of defects found in *ago9* mutants. We also show that individuals defective in both *AGO4* and *AGO9* show a suppressive effect on the frequency of ovules harboring this phenotype, revealing a genetic interaction between these two genes that leads to compensatory mechanisms in the control of cell specification. A detailed genetic and cytological analysis indicates that the frequency of premeiotic ovules showing ectopic cells is influenced by parental genotypes involving the function of AGO proteins other than AGO4 and AGO9. Gene expression analysis and *in situ* protein immunolocalization indicate that *AGO6* is overexpressed in *ago9* but not in *ago4* or *ago4 ago9* ovules, suggesting the existence of an interaction between AGO6 and AGO9 that partially depends on the activity of AGO4. By contrast, *AGO8* is only overexpressed in *ago4 ago9* individuals, suggesting its possible role in the compensatory effect that contributes to restrict gametophytic cell fate. Our results reveal a multigenic network of interactions involving members of the AGO4 clade to control early megaspore formation, opening new possibilities for elucidating the canalized mechanisms that ensure the initial stages of sexual reproduction in *Arabidopsis*.

Materials and Methods {#s1}
=====================

Plant material and growth conditions {#s2}
------------------------------------

The *ago4-6* (SALK_071772; [@bib50]), *ago5-4* (SALK_050483; [@bib53]), *ago6-2* (SALK_031553; [@bib63]), *ago8-1* ([@bib17]), *ago8-2* (SALK_010058), and *ago9-3* (SAIL_34_G10; [@bib37]) mutant alleles are in the Columbia (*Col*) background; whereas *ago1-37* ([@bib56]) and *ago4-1* ([@bib65]) are in the Landsberg *erecta* (L*er*) background. Both *Col* and L*er* wild-type plants were used as controls in the quantitative analysis of single mutant genotypes, whereas *Col* × L*er* F~1~ individuals were used as controls in the analysis of double mutant genotypes. Seeds were surface sterilized with chlorine gas and germinated under long-day conditions (16 hr light/8 hr dark) in MS medium at 22°. Seedlings were grown under greenhouse or growth chamber conditions (24°). Primer pairs used for genotyping are listed in [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS2.pdf).

Cytological analysis of ovule development {#s3}
-----------------------------------------

For cytological examination of premeiotic ovules, gynoecia of 0.4--0.6 mm in length from wild-type and mutant plants were harvested and fixed in formalin-acetic acid-alcohol solution (40% formaldehyde, glacial acetic acid, 50% ethanol; in a 5:5:90 volume ratio) for 24 hr at room temperature. After fixation, samples were washed five times with absolute ethanol and stored in 70% ethanol at room temperature for 24 hr. Fixed gynoecia were dissected with hypodermic needles (1 mm insulin syringes), cleared in Herr's solution (phenol:chloral hydrate:85% lactic acid:xylene:clove oil in a 1:1:1:0.5:1 proportion), and observed by differential interference contrast microscopy using a Leica DMR microscope.

Quantitative real-time PCR {#s4}
--------------------------

Total RNA from gynoecia bearing premeiotic ovules (0.5--0.6 mm in length) was isolated using Trizol (Invitrogen, Carlsbad, CA). Complementary DNA (cDNA) was synthesized from 1 µg of total RNA, using oligo dT and SuperScript reverse transcriptase II (Invitrogen). Primers for PCR were designed using the online program Primer 3 (v.0.4.0) and verified with OligoEvaluator (Sigma Chemical, St. Louis, MO) to discard dimer structure formation. PCR efficiencies of the target and reference genes were determined by generating standard curves, based on serial dilutions prepared from cDNA templates. PCR efficiency was calculated according to the slope of the standard curve (primers with 100% efficiency, the fold equals to 2). Each quantitative real-time PCR (qPCR) reaction was performed in a 10-µl volume consisting of 5 µl of 2× SYBR Green PCR Reaction Mix (Applied Biosystems, Foster City, CA), 3.5 µl of DNA template (10 ng/µl), 0.5 µl of forward primer (5 µM), 0.5 µl of reverse primer (5 µM), and 0.5 µl of ultrapure water. The qPCR reactions were performed using the StepOne Applied Biosystems and the data were analyzed using the StepOne software v2.2.2. The thermal profile consisted of 10 min at 95°, 40 cycles of 15 sec at 95°, and 1 min at 60°. Amplification results were collected at the end of the extension step. Primer sequences used for qPCR amplifications are listed in [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS2.pdf) and [Table S4](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS4.pdf). A comparative 2^−ΔΔCt^ method was used for determining a relative target quantity of gene expression, and *ACTIN2* was used as a control ([@bib6]). Reproducibility of the results was evaluated for each sample by running three technical and three biological replicates of each of the reactions and each genotype.

Whole-mount immunolocalization {#s5}
------------------------------

Whole-mount immunolocalization was performed as described in [@bib11], with minor modifications. Gynoecia of 0.6 mm were harvested and fixed in paraformaldehyde (1× PBS, 4% paraformaldehyde, 2% triton), for 2 hr under continuous agitation on ice. After fixation, the samples were washed three times in 1× PBS and embedded in a matrix of 15% acrylamide:bysacrilamide (29:1) over positively charged slides (ProbeOn Plus; Fisher Scientific, Pittsburgh, PA) previously treated with Poly-L-lysine. After embedding, the samples were digested in an enzymatic cocktail (1% driselase, 0.5% cellulose, 1% pectolyase) in 1× PBS for 1 hr at 37°. Then, the samples were permeabilized for 2 hr in 1× PBS:2% triton and blocked by incubating them with 1% BSA (Hoffman La Roche, Nutley, NJ) for 1 hr at 37°. Incubation with AGO6 ([@bib16]) primary antibody was carried out overnight at 4° at a dilution of 1:100. Samples were washed for 8 hr in 1× PBS:0.2% triton, refreshing the solution each 2 hr. Subsequently, samples were incubated overnight with the secondary antibody Alexa Fluor 488 (Molecular Probes, Eugene, OR) at a dilution of 1:300. After a washing step of 8 hr, the samples were incubated with propidium iodide (500 µg/ml) in 1× PBS for 20 min and washed in 1× PBS for 40 min. Finally, samples were mounted in PROLONG (Molecular Probes). Sections of premeiotic ovules were captured on a laser scanning confocal microscope (LSM 510 META; Carl Zeiss, Thornwood, NY) with multitrack configuration for detecting propidium iodide \[excitation with diode pump solid state (DPSS) laser at 568 nm, emission collected using band pass filter (BP) 575--615 nm\] and Alexa 488 (excitation with Argon laser at 488 nm, emission collected using band pass filter (BP) 500--550 nm). Laser intensity and gain were equivalently set for all samples.

Data availability {#s6}
-----------------

Sequence data from this article can be found in the European Molecular Biology Laboratory /GenBank data libraries under accession numbers At2g27040, At2g32940, At5g21030, and At5g21150. Additional mutant strains are available upon request. [Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS2.pdf) contains names of primers used for genotyping and qPCR assays.

Results {#s7}
=======

All members of the *AGO4* clade are involved in the specification of female gametophytic precursors {#s8}
---------------------------------------------------------------------------------------------------

It was previously reported that mutations in *AGO9* promote the development of more than one premeiotic gametophytic precursor during early ovule development ([@bib37]). The incomplete penetrance of this defect led us to suspect that additional factors could act redundantly to restrict cell specification in the ovule. To elucidate if close relatives of *AGO9* could have a role in the somatic-to-reproductive transition, we cytologically characterized early ovule development in mutant plants defective in *AGO4*, *AGO6*, and *AGO8*. We started by conducting a quantitative characterization of stage 1 ovules following the classification reported by Rodríguez-Leal *et al.* ([@bib67]). Stage 1 corresponds to premeiotic ovule primordia having a well-defined proximal-distal axis and absence of integument initiation. For this type of ovule, we defined three phenotypic classes based on the number of enlarged subepidermal cells reminiscent of gametophytic precursors corresponding to the MMC: class I includes ovules with a single gametophytic precursor, which by its subepidermal position corresponds to the MMC ([Figure 1, A and B](#fig1){ref-type="fig"}); class II corresponds to premeiotic ovules with two gametophytic precursors resembling twin MMCs ([Figure 1C](#fig1){ref-type="fig"}); and class III corresponds to premeiotic ovules containing more than two cells resembling the MMC ([Figure 1, D and E](#fig1){ref-type="fig"}). Under greenhouse conditions, 9.8% (*n* = 934) and 17.2% (*n* = 429) of *Col* and L*er* ovules showed two MMCs, respectively ([Table 1](#t1){ref-type="table"}), confirming that *Arabidopsis* ecotypes exhibit naturally occurring variation in the number of ovules with ectopic gametophytic precursors ([@bib67]). In contrast to wild type, *ago9-3* behaved as a dominant mutation showing 20.68% ± 2.18 (*n* = 385) and 28.93% ± 3.36 (*n* = 508) class II and class III ovules in heterozygous and homozygous mutant individuals, respectively.

![Phenotypic characterization of stage 1 ovules in wild type and *ago* mutants. (A) Wild-type ovule of *Col* showing a single MMC (class I). (B) Wild-type ovule of L*er* showing a single MMC (class I). (C) *ago9-3* ovule showing two enlarged cells (class II), (D) *ago4-6* ovule showing three abnormal enlarged cells (class III), (E) *ago4-1* ovule showing four enlarged cells (F) *ago6-2* ovule showing two enlarged cells (class III), (G) *ago8-1* ovule showing two enlarged cells (class II), and (H) *ago1-37* ovule showing a single MMC (class I). Bar, 20 µm.](1045fig1){#fig1}

###### Phenotypic analysis of wild-type and mutant ovules at stage 1

  Genotype             *n*[*^a^*](#t1n1){ref-type="table-fn"}   Class I[*^b^*](#t1n2){ref-type="table-fn"}   Class II[*^c^*](#t1n3){ref-type="table-fn"}   Class III[*^d^*](#t1n4){ref-type="table-fn"}   Class II and III   AI[*^e^*](#t1n5){ref-type="table-fn"}
  -------------------- ---------------------------------------- -------------------------------------------- --------------------------------------------- ---------------------------------------------- ------------------ ---------------------------------------
  *Col*                934                                      89.5 ± 1.23                                  10.49 ± 1.23                                  0                                              10.49 ± 1.23       3
  L*er*                429                                      82.9 ± 1.61                                  16.52 ± 1.39                                  0.56 ± 0.33                                    17.24 ± 1.62       3
  *ago1-37 (*L*er)*    369                                      86.90 ± 0.47                                 11.81 ± 0.83                                  0.97 ± 1.02                                    12.8 ± 0.54        3
  *ago5-1 (Col)*       375                                      92.3 ± 0.55                                  7.59 ± 0.41                                   0                                              7.59 ± 0.41        3
  *ago9-3/+* (*Col*)   385                                      78.48 ± 2.63                                 20.68 ± 2.18                                  0.82 ± 0.47                                    21.50 ± 2.63       4
  *ago9-3* (*Col*)     508                                      71.05 ± 3.36                                 28.69 ± 3.36                                  0.32 ± 0.22                                    28.93 ± 3.36       4
  *ago4-1/+* (L*er*)   270                                      79.77 ± 1.47                                 18.20 ± 0.94                                  2.00 ± 0.62                                    20.21 ± 1.47       3
  *ago4-1* (L*er*)     276                                      61.58 ± 0.56                                 37.32 ± 0.90                                  1.07 ± 0.34                                    38.40 ± 0.56       4
  *ago4-6/+* (*Col*)   649                                      83.16 ± 0.61                                 14.43 ± 0.43                                  2.39 ± 0.31                                    16.82 ± 0.61       3
  *ago4-6* (*Col*)     356                                      66.54 ± 2.57                                 27.74 ± 0.25                                  5.70 ± 0.24                                    33.44 ± 1.48       3
  *ago6-2/+* (*Col*)   426                                      87.69 ± 1.94                                 11.53 ± 1.99                                  0.75 ± 0.05                                    13.54 ± 1.85       3
  *ago6-2* (*Col*)     220                                      74.31 ± 3.58                                 18.10 ± 2.18                                  7.56 ± 2.00                                    25.66 ± 3.58       4
  *ago8-1/+* (*Col*)   334                                      87.50 ± 0.52                                 12.24 ± 0.41                                  0.24 ± 0.41                                    12.48 ± 0.52       3
  *ago8-1* (*Col*)     1023                                     71.97 ± 3.28                                 26.11 ± 3.10                                  1.73 ± 0.71                                    27.84 ± 3.23       6
  *ago8-2 (Col)*       456                                      70.29 ± 1.62                                 24.77 ± 1.67                                  4.91 ± 1.67                                    29.69 ± 1.62       5

Values are given as a percentage of the total number of ovules analyzed.

Total of ovules analyzed.

Ovules with a single MMC.

Ovules with two enlarged MMC-like cells.

Ovules with more than two enlarged MMC-like cells.

Number of individuals included in the analysis.

Heterozygous *ago4-1/+* and *ago4-6/+* mutant individuals also showed abnormal numbers of ovules with gametophytic precursors, suggesting that these mutants are also dominant for the phenotype analyzed. The frequency of class II and class III ovules in heterozygous *ago4-1/+* (L*er* background) and *ago4-6/+* (Col background) individuals was 20% (*n* = 270) and 16.79% (*n* = 649), respectively ([Table 1](#t1){ref-type="table"}). As expected, homozygous *ago4-1* and *ago4-6* plants exhibited larger frequencies of class II and class III ovules compared to heterozygous plants (38.4 ± 0.56 and 33.44 ± 1.48, respectively; [Table 1](#t1){ref-type="table"}). Because past studies have shown that mutations in *AGO4* act as recessive loss-of-function alleles that can be rescued by hemizygous complementation ([@bib65]), we conducted an additional cytological analysis in a randomly selected group of F~2~ and F~3~ individuals segregating for *ago4-6*, scoring a total of eight individuals per genotype at each generation. Whereas wild-type F~2~ plants that inherited two wild-type copies of *AGO4* showed a frequency of abnormal class II and class III ovules equivalent to wild-type Col (average of 10.65% ± 0.96; [Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS1.pdf)), F~2~ heterozygous *ago4-6/+* individuals showed a frequency of class II and class III ovules ranging between 28.84 and 37.71% (average of 31.82% ± 1.2; [Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS1.pdf)), which is similar to the frequency obtained for F~2~ homozygous *ago4/6* individuals (average of 33.23 ± 0,98; [Table S1](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS1.pdf)). Similar frequencies were obtained for segregating individuals of the F~3~ population resulting from self-pollination of a F~2~ heterozygous individual ([Table S2](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS2.pdf)), confirming that mutations in *AGO4* consistently cause dominant defects during megasporogenesis ([Table S3](http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.116.188151/-/DC1/TableS3.pdf)).

In addition, heterozygous *ago6-2/+* individuals showed 13.54% (*n* = 426) of ovules harboring more than one gametophytic precursor ([Table 1](#t1){ref-type="table"}). Homozygous *ago6-2* plants exhibited the same phenotype at 25.66% (*n* = 220; [Figure 1F](#fig1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}), indicating that *AGO6* also has a role in restricting the number of gametophytic precursors specified in the ovule primordium. Similar to homozygous *ago4-6*, homozygous *ago6-2* individuals showed a higher frequency of class III ovules than homozygous *ago9-3* individuals ([Table 1](#t1){ref-type="table"}). Finally, heterozygous *ago8-1/+* plants showed 12.48% (*n* = 334) of stage1 ovules harboring ectopic gametophytic precursors, whereas homozygous *ago8-1* and *ago8-2* individuals showed 27.84% (*n* = 1023) and 29.69% (*n* = 456) respectively ([Figure 1G](#fig1){ref-type="fig"}); indicating that *AGO8* is also involved in the restriction of cell specification, despite being previously reported as a pseudogene ([@bib52]). To determine if mutations in AGO genes not belonging to the AGO4 clade could also show defects in female gametophytic precursor specification, we analyzed *ago1-37*, a weak allele of *AGO1*, the main protein involved in microRNA-dependent regulatory pathways ([@bib56]); and *ago5-1*, which had been previously shown to be involved in the promotion of mitosis during female gametogenesis in *Arabidopsis* ([@bib53]). Despite strong vegetative defects exhibited by *ago1-37* at almost all developmental stages ([@bib56]), the frequency of ovules with ectopic gametophytic precursors in homozygous *ago1-37* and *ago5-1* individuals was no different from wild type ([Figure 1H](#fig1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). We therefore conclude that it is specifically the *AGO4* clade that plays an important role in restricting the number of female gametophytic precursors in the developing ovule.

Genetic interactions between *AGO4* and *AGO9* affect the specification of female gametophytic precursors {#s9}
---------------------------------------------------------------------------------------------------------

To determine possible genetic interactions between *AGO4* and *AGO9*, we conducted a phenotypic analysis in different genotypes involving the double mutant *ago4 ago9*. Homozygous *ago4-1* individuals show reduced DNA methylation primarily at CHG and CHH methylation sites (where H = A, T, or C) and less frequently at CG sites ([@bib65]; [@bib51]). We crossed *ago4-1* to *ago9-3* individuals and produced plants segregating for both mutations. F~1~ double heterozygous ago4-1/+;ago9-3/+ individuals showed a frequency of ovules with ectopic gametophytic precursors reflecting an additive effect between these two mutants ([Figure 2A](#fig2){ref-type="fig"}). To analyze additional genotypic combinations, F~2~ individuals segregating for both mutations were also cytologically quantified. Interestingly, the frequency of ovules showing ectopic gametophytic precursors in F~2~ *ago4-1*/*+;ago9-3*/*+* was significantly lower than those expected under additive effects, and similar to frequencies observed in heterozygous plants for each single mutant ([Figure 2A](#fig2){ref-type="fig"}). Furthermore, F~2~ *ago4-1/+;ago9-3/ago9-3* plants exhibited a slightly lower frequency of abnormal ovules compared to single homozygous *ago9-3* individuals ([Figure 2A](#fig2){ref-type="fig"}), indicating that heterozygosity of *ago4-1* in the homozygous *ago9-3* background promotes a suppression of the mutant phenotype. On the other hand, F~2~ *ago4-1/ago4-1*;a*go9-3/+* individuals showed a frequency of ectopic gametophytic precursors lower than single homozygous *ago4-1* but higher than F~2~ *ago4-1/+;ago9-3/ago9-3* plants ([Figure 2A](#fig2){ref-type="fig"}). In addition, F~2~ double homozygous *ago4-1 ago9-3* individuals showed a significantly lower frequency of ovules with ectopic gametophytic precursors than homozygous *ago4-1* or *ago9-3* single mutant individuals ([Figure 2A](#fig2){ref-type="fig"}). These results indicate that the simultaneous absence of *AGO4* and *AGO9* tends to repress the differentiation of ectopic gametophytic precursors in the ovule. This repressive effect is less severe in F~2~ *ago4-1/ago4-1;ago9-3/+* plants, suggesting that a functional allele of *AGO9* in a homozygous *ago4* background tends to exacerbate the mutant phenotype. Strikingly, the frequency of ovules harboring multiple gamete precursors in F~2~ *ago4-1/+;ago9-3/+*, *ago4-1/+;ago9-3/ago9-3*, and *ago4-1/ago4-1;ago9-3/ago9-3* was similar, suggesting that additional genetic factors must contribute to restrict the specification of gametophytic precursors in the premeiotic ovule.

![Genetic interactions between *ago4* and *ago9* during female gametophytic cell specification. (A) Quantitative analysis of stage 1 ovules showing more than one gametophytic precursor in genotypes of single and double *ago9-3 (Col) ago4-1* (L*er*) mutant individuals. Letters indicate pairwise results of two-tailed Fisher's exact tests used to estimate statistical significance of possible differences between genotypes: a, comparison to *ago9-3/+*; b, comparison to *ago4-1/+*; c, comparison to *ago4-1/+;ago9-3/+* (F~1~); d, comparison to *ago9-3*;*ago4-1/+* (F~2~). \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. (B) Quantitative analysis of stage 1 ovules showing more than one gametophytic precursor in genotypes of single and double *ago9-3* (*Col*) *ago4-6* (*Col*) mutant individuals. Letters indicate pairwise results of two-tailed Fisher's exact tests used to estimate statistical significance of possible differences between genotypes: a, comparison to *ago4-6/+*; b, comparison to *ago4-6/+*;*ago9-3/+* (F~1~); c, comparison to *ago9-3*; d, comparison to *ago4-6/+*;*ago9-3* (F~2~); e, comparison to homozygous *ago4-6*. \* *P* \< 0.05, \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. SDs were calculated on the basis of biological replicates for each genotype.](1045fig2){#fig2}

To determine if the ecotypic background could influence interactions between *AGO4* and *AGO9*, we conducted the same phenotypic analysis in *ago4-6*, a mutation generated in the *Col* and not the L*er* ecotype. As in the case of interactions between *ago4-1* and *ago9-3*, the frequency of abnormal stage 1 ovules was higher in F~1~ *ago4-6/+;ago9-3/+* individuals than in single heterozygous *ago4-6/+* or *ago9-3/+* mutants ([Figure 2B](#fig2){ref-type="fig"}). Also, F~2~ *ago4-6/+*; *ago9-3/+* individuals exhibited a lower frequency of abnormal ovules than F~1~ *ago4-6/+;ago9-3/+* plants ([Figure 2B](#fig2){ref-type="fig"}), confirming the results obtained with *ago4-1*. In addition, the suppressive effect observed in double homozygous individuals was stronger in *ago4-6 ago9-3* than in *ago4-1 ago9-3* individuals ([Figure 2B](#fig2){ref-type="fig"}), suggesting that the L*er* background exerts a stronger ecotypic effect than *Col* over the restriction of female gametophytic precursors. Overall, these results suggest that *AGO9* and *AGO4* genetically interact to restrict the differentiation of additional premeiotic precursors in the ovule, but also that additional genetic factors participate in this developmental process.

Genetic interactions between *AGO4* and *AGO9* are influenced by parental genotypes {#s10}
-----------------------------------------------------------------------------------

Emerging evidence suggests that mutations affecting epigenetic pathways can originate transgenerational, stable, epigenetic modifications ([@bib40]; [@bib21]; [@bib31]). To test if this type of epigenetic effect could influence the function of *AGO4* or *AGO9*, we quantified the frequency of premeiotic stage 1 gametophytic precursors in the progeny of double heterozygous individuals segregating for mutations in these two genes. Equivalent frequencies were found in F~2~ and F~3~ wild-type segregant individuals ([Figure 3A](#fig3){ref-type="fig"}), discarding the possibility of strict transgenerational epigenetic effects and indicating that any abnormal frequency is caused by loss-of-function alleles for any of the two genes. We also analyzed stage 1 ovules in homozygous and heterozygous progeny of double heterozygous individuals. F~3~ double heterozygous plants exhibited a similar frequency of ectopic gametophytic precursors than F~2~ double heterozygous individuals, and double homozygous F~3~ individuals exhibited a frequency equivalent to double homozygous F~2~ individuals ([Figure 3A](#fig3){ref-type="fig"}). By contrast, the frequency of stage 1 ovules harboring ectopic gametophytic precursors increased progressively in F~3~ and F~4~ progeny originating from double homozygous plants ([Figure 3B](#fig3){ref-type="fig"}), indicating that the suppressive effect previously described is mitigated if not suppressed in progeny from double homozygous plants. These results indicate that the role of AGO4 and AGO9 in premeiotic gametophytic specification is influenced by the parental genotype, suggesting that loss of function of both genes triggers a compensatory effect that prevents the differentiation of ectopic cells in the developing ovule.

![The number of female gametophytic precursors is influenced by the parental genotype. (A) Quantitative analysis of stage 1 ovules showing more than one gametophytic precursor in F~2~ and F~3~ segregant populations derived from *ago4-6/+ (Col)*; *ago9-3/+ (Col)* individuals. The letter indicates pairwise results of two-tailed Fisher's exact tests used to estimate statistical significance of differences between genotypes: a, comparison to *ago4-6/+* ; *ago9-3/+* (F~1~). \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. (B) The compensatory effect resulting from simultaneous loss of function of *AGO4* and *AGO9* is progressively diminished through consecutive generations. Letters indicate pairwise results of two-tailed Fisher's exact tests used to estimate statistical significance of differences between genotypes: a, comparison to *ago4-6 ago9-3* (F~2~); b, comparison to *ago4-6 ago9-3* (F~3~). \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. SDs were calculated on the basis of biological replicates for each genotype.](1045fig3){#fig3}

*AGO6* and *AGO8* influence gametophytic specification in *ago4* and *ago9* mutant backgrounds {#s11}
----------------------------------------------------------------------------------------------

To explore if the compensatory mechanism triggered by the simultaneous loss of function of *AGO4* and *AGO9* could be related to the activity of other members of the *AGO4* clade, we conducted qPCR to determine the expression of *AGO6* and *AGO8* in developing gynoecia harboring premeiotic ovules of single *ago4-6*, *ago9-3*, and double homozygous *ago4-6 ago9-3* individuals ([Figure 4, A and B](#fig4){ref-type="fig"}). In *ago4-6*, the expression of *AGO6* was equivalent to wild type (*Col*); however, the expression of *AGO6* was significantly increased in *ago9-3* ([Figure 4A](#fig4){ref-type="fig"}), indicating a differential response in the expression of *AGO6* to the absence of *AGO4* or *AGO9* functional activity. Despite being overexpressed in *ago9-3*, premeiotic gynoecia of the double mutant *ago4-6 ago9-3* exhibited normal *AGO6* expression, indicating that loss of function of *AGO4* in the *ago9-3* background negatively regulates *AGO6* activity. In contrast to *AGO6*, the expression of *AGO8* was not affected in *ago4-6* and *ago9-3* single mutants ([Figure 4B](#fig4){ref-type="fig"}), but was significantly increased in premeiotic gynoecia of *ago4-6 ago9-3* individuals ([Figure 4B](#fig4){ref-type="fig"}). These results indicate that interactions between *AGO4*-clade members are reflected at the level of transcriptional gene activity, suggesting that robust redundant mechanisms among members of the *AGO4* clade contribute to restrict gametophytic cell fate in the premeiotic ovule. Increased expression of *AGO8* in ovules lacking *AGO4* and *AGO9* activity could contribute to explain the compensatory phenotypic effect exhibited by premeiotic ovules.

![The expression of *AGO6* and *AGO8* is affected by loss-of-function mutations in *ago4* or *ago9*. (A) Expression of *AGO6* in developing gynoecia containing premeiotic ovules. (B) Expression of *AGO8* in developing gynoecia containing premeiotic ovules. The comparative 2^−ΔΔCt^ method was used for determining the relative level of gene expression as compared to wild type, using *ACTIN2* as internal control ([@bib6]). Each histogram represents the mean of three biological replicates and shows the corresponding SD. Letters indicate pairwise results of two-tailed Fisher's exact tests used to estimate statistical significance of possible differences between genotypes: a, comparison to *Col*; b, comparison to *ago4-6 ago9-3* F~2~; c, comparison to *Col*; d, comparison to *ago9-3*. \*\* *P* \< 0.01, \*\*\* *P* \< 0.001. (C) Whole-mount immunolocalizations showing the expression of AGO6 in wild-type and mutant premeiotic ovules. Alexa 488 fluorescence (green) denotes the localization of the antibody raised against AGO6; samples were counterstained with propidium iodide (red). Bar, 15 µm.](1045fig4){#fig4}

To determine if the qPCR experiments could reflect the levels of protein expression in the premeiotic ovule, we performed whole-mount immunolocalization in wild-type *Col*, *ago4-6*, *ago9-3*, and double mutant *ago9-3 ago4-6* ovules; using an antibody raised against AGO6 ([Figure 4, C--F](#fig4){ref-type="fig"}; [@bib16]). In wild-type ovules, AGO6 was localized in the cytoplasm and sometimes the nucleus of most sporophytic cells of the premeiotic primordium, including the premeiotic MMC ([Figure 4D](#fig4){ref-type="fig"}). The localization and level of AGO6 expression was similar to wild type in premeiotic ovules of *ago4-6* and *ago4-6 ago9-3* individuals ([Figure 4E](#fig4){ref-type="fig"}), a result in agreement with our previous qPCR assay. At the onset of integumentary initiation, a region of preferential AGO6 expression was identified in the dorsal region of the primordium in both genetic backgrounds ([Figure 4D](#fig4){ref-type="fig"}); suggesting that the absence of AGO4 activity might cause subtle differences in the pattern of AGO6 localization, but no differences in the level of AGO6 protein expression. By contrast, AGO6 was abundantly localized throughout the ovule primordium of *ago9-3* plants, including L1 cells of the apical region and the MMC ([Figure 4F](#fig4){ref-type="fig"}). These results show that overexpression of AGO6 in *ago9-3* ovules is reflected at the protein level, suggesting that the genetic interactions that control premeiotic gametophytic specification imply dosage effects at the protein level among AGO4-clade members.

Discussion {#s12}
==========

All genes of the *AGO4* clade play an important role during the somatic-to-reproductive transition in the ovule {#s13}
---------------------------------------------------------------------------------------------------------------

*ARGONAUTE* genes have been described as fundamental factors controlling specific aspects of germline development in yeast, *Drosophila*, *Caenorhabditis elegans*, mammals, and plants ([@bib28]; [@bib23]; [@bib59]; [@bib36]; [@bib37]). Here we provide genetic evidence indicating that all members of the *AGO4*-clade contribute to restrict the number of gametophytic precursors in premeiotic ovules of *Arabidopsis*. Distinct mutations in members of the *AGO4* clade result in variable phenotypic frequencies, suggesting that these genes hierarchically contribute to this restriction. Whereas *AGO4* and *AGO9* appear to play a prevalent role in the mechanism that impedes the differentiation of multiple MMCs, mutations in *AGO6* and *AGO8* show equivalent phenotypic effects, albeit at lower frequencies; suggesting a less determinant redundant function. The role of *AGO6* in gametophytic precursor specification is unexpected as the presence of its messenger RNA is not detected in nucellus or MMCs according to previously published data ([@bib44]). Although *AGO8* was previously reported as a pseudogene ([@bib52]), the *ago8-1* insertional allele exhibits a frequency of ectopic configurations significantly higher than wild type. This same phenotype has been also found in *ago8-2*, suggesting a functional activity necessary for gametophytic precursor specification. By contrast, and despite harboring severe vegetative defects that could precede pleiotropic abnormalities during female reproductive development, homozygous *ago1-37* and *ago5-1* individuals did not show defects in meiosis or gametophytic precursor differentiation, indicating that the canonical microRNA-dependent pathway is not essential for megasporogenesis, and that premeiotic ovules of individuals defective in *AGO5* are also indistinguishable from wild type ([@bib53]); confirming that MMC specification is not dependent on microRNA function but strictly controlled by members of the AGO4 clade.

Since *AGO4*, *AGO6*, and *AGO9* bind heterochromatic sRNAs through the RdDM pathway, our results reinforce the important participation of epigenetic processes in regulating gametophytic precursor specification in the ovule ([@bib65]; [@bib63]; [@bib10]; [@bib37]; [@bib12]; [@bib9]). Our results also show that mutations in any of the *AGO4*-clade genes, including *AGO4*, are dominant over wild-type alleles for defects affecting gametophytic cell specification in the ovule. This type of inheritance had already been reported for *ago9-2* and *ago9-3* ([@bib37]), suggesting that a dosage-dependent mechanism acting nonautonomously during megasporogenesis is responsible for the mutant phenotype in members of the *AGO4* clade; a model for the mode of action has been proposed elsewhere (Armenta-Medina *et al.* 2011) . A recent report showed that the MMC is marked by a reduction of heterochromatin content compared to its surrounding nucellar cells ([@bib47]). A similar depletion of heterochromatic elements is observed in the ectopic configurations of *ago9*, *sgs3*, and *rdr6* individuals ([@bib47]). In addition, genome-wide studies have proven that loss of RdDM components such as *AGO4* and *AGO6* results in changes of chromatin integrity ([@bib18]; [@bib38]; [@bib24]; [@bib61]; [@bib51]). A direct role of AGO proteins in chromatin modification has been also described in *C. elegans*, where HRDE-1 directs trimethylation of histone H3 at Lysine 9 ([@bib30]; [@bib34]; [@bib5]). Furthermore, *Ago-1* of *Drosophila* plays a crucial role in heterochromatin formation ([@bib39]). Taken together, these results support the hypothesis proposing that members of the *AGO4* clade are required for maintaining the chromatin configuration of nucellar cells in *Arabidopsis* in a dosage-dependent manner. The disruption of any of these genes during the somatic-to-reproductive transition would confer a novel chromatin status that might lead to ectopic differentiation of gametophytic precursors.

Complex interactions between *AGO4*-clade members {#s14}
-------------------------------------------------

Although genetic interactions between *AGO* members have been addressed by comparing the nature and abundance of their interacting sRNAs as well as the consequence of their functional loss for genomic DNA methylation ([@bib63]; [@bib16]; [@bib33]), little emphasis has been given to their possible developmental role, mainly due to a lack of obvious mutant phenotypes during vegetative growth. Here we show that *AGO4* and *AGO9* genetically interact during the somatic-to-reproductive transition in the ovule. With the exception of double heterozygous individuals, all genotypic combinations of alleles simultaneously affecting *AGO4* and *AGO9* exhibit nonadditive effects during megasporogenesis. Interestingly, the complete loss of function of these genes can result in the absence of a mutant phenotype, as compared to wild-type plants; however, our results also suggest that suppression of this mutant phenotype is dependent on the *ago4* allelic variants tested and their genetic backgrounds, likely contributing to the compensatory phenomenon revealed by genetic interactions among members of the *AGO4* clade. Recent reports showed that different ecotypes of *Arabidopsis* exhibit equivalent phenotypes at variable frequencies, and that interecotypic hybridization exacerbates the frequency of supernumerary gametophytic precursors, suggesting that multiple loci control cell specification at the onset of female meiosis ([@bib67]).

Our qPCR experiments show that *AGO8* is overexpressed in homozygous F~2~ *ago4 ago9* ovules, but not in ovules of *ago4* or *ago9* single mutants, suggesting that the mitigation of the abnormal phenotype in the double homozygous mutant background could be influenced by the activity *AGO8*. Contrary to *AGO8*, the expression of *AGO6* is increased in *ago9-3* but not in in *ago4-6*, nor in double homozygous *ago4 ago9* individuals. These contrasting effects in *AGO6* and *AGO8* activity suggest that, despite their common contribution to restricting gametophytic precursor specification at the onset of meiosis, each gene is differentially regulated in response to loss of function of *AGO4* or *AGO9*. The recovery of normal expression levels for *AGO6* in the double homozygous *ago4 ago9* but not in single *ago9-3* individuals indicates that *AGO4* influences *AGO6* expression only in the absence of *AGO9* activity. Our overall results suggest that *AGO4*-clade gene members coordinately act to restrict the ectopic formation of gametophytic precursors in the ovule. Because *AGO4* and *AGO9* are importantly required for silencing repetitive elements such as TEs in the germline ([@bib65]; [@bib10]), and AGO9 has been implicated in male meiosis and somatic DNA repair (Oliver *et al.* 2014), the compensatory effect revealed by interactions among AGO4-clade members is likely to be extended to a broader developmental context. In addition, genome-wide DNA methylation analysis has revealed nonredundant interactions between *AGO4* and *AGO6* in most of their target loci, as both are required to confer a wild-type DNA methylation status ([@bib9]). Interestingly, methylation is not completely suppressed at target loci in *ago4 ago6* mutants, suggesting that additional AGOs are also required to maintain the global methylation pattern ([@bib9]).

The pattern of protein localization of AGO4, AGO6, and AGO9 is in agreement with the evidence indicating they play redundant functions during early ovule formation. Whereas AGO4 is ubiquitously expressed throughout development and localized in both nucleus and cytoplasm ([@bib26]; [@bib58]), AGO6 is reported to localize in the cytoplasm of foliar parenchyma cells ([@bib63]; [@bib33]). AGO9 is preferentially expressed in the L1 layer of the premeiotic ovule primordium, and in the cytoplasm of nucellar cells ([@bib37]; [@bib11]). Recent evidence indicates that AGO4 and AGO6 differ in their subnuclear colocalization as compared to the RNA polymerases required for RdDM ([@bib33]); whereas Pol V and AGO4 are colocalized in perinuclear foci, Pol II and AGO6 are absent (McCue *et al.* 2014).

Parental genotypes influence the somatic-to-reproductive transition during consecutive generations {#s15}
--------------------------------------------------------------------------------------------------

A significantly different frequency of ectopic configurations was obtained in double heterozygous *ago4/+ ago9/+* F~1~ and F~2~ individuals, indicating that epigenetic factors are influencing the number of ectopic configurations that differentiate at each generation. Epigenetic variability between parental lines can cause additive effects for developmental traits scored in the progeny ([@bib13]; [@bib14]; [@bib11]). Despite the large proportion of potential RdDM target loci shared by both genes, there is also evidence suggesting specific epigenetic regulation by one or the other ([@bib16]), suggesting potential epi-allelism for each mutant. Strikingly, segregant *ago4/+ ago9/+* F~3~ individuals showed frequencies equivalent to *ago4/+ ago9/+* F~2~ plants, suggesting that double heterozygous progeny from outcrossed plants behave differently than heterozygous progeny of self-fertilized individuals.

Double homozygous *ago4 ago9* individuals derived from self-pollination of double heterozygous plants showed frequencies of ectopic configurations equivalent to wild type. In contrast, *ago4 ago9* individuals derived from self-pollination of a double homozygous plant showed an abnormal frequency of ectopic configurations, revealing an influence of the parental genotype on the capacity for restricting ectopic differentiation of female gamete precursors. The frequency of ectopic configurations in double homozygous *ago4 ago9* individuals increased progressively throughout consecutive generations, indicating that the compensatory effect is progressively diminished. These results suggest that *AGO4* and *AGO9* are necessary for maintaining the epigenetic marks that ensure the restriction of gametogenic commitment to a single cell, over consecutive generations. There is growing evidence that epigenetic modifications occurring within the plant germline in one generation can be stably inherited at subsequent generations ([@bib20]). For example, components of the RdDM pathway have been implicated in preventing transgenerational accumulation of some Ty1/Copia-like retrotransposons in plants affected by abiotic stress in *Arabidopsis* ([@bib19]); and in *C. elegans*, proteins such as HRDE-1 are required for transmitting the RNA-interference silencing signal to subsequent generations ([@bib5]). Our results indicate that *AGO4* and *AGO9* are required to establish the transgenerational epigenetic information that is necessary to restrict gametophytic fate in the ovule, confirming that members of the *AGO4* clade cooperatively participate in preventing the abnormal specification of multiple premeiotic gametophytic precursors during early ovule development.

Conclusions {#s16}
-----------

We show a surprising degree of cooperative interaction among gene members of the *AGO4* clade during meiosis and megaspore formation in *Arabidopsis*. Our study reveals unforeseen levels of epigenetic control acting to canalize a developmental process that is essential for sexual plant reproduction in flowering plants.
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